Abstract Rhodium thin films on highly polished stainless steel substrates were fabricated via pulsed laser deposition (PLD) technique. The PLD films of rhodium were observed to be preferentially oriented in Rh(111) plane. The films showed dense columnar structure of nanometric crystallites. The effects of target-substrate distance onto the root mean square roughness, crystal structure, reflectivity and thickness of the PLD rhodium films were investigated.
Introduction
Rhodium thin films have generated intense research interest due to its unique magnetic, chemical and physical properties. It shows novel magnetic properties in reduced dimensionality (Bhaskar et al. 2008) . The interaction between nanostructured thin films and its underlying substrate produces unusual electronic and magnetic properties which is favorable for spintronic devices (Kishi et al. 2005; Hayden et al. 1995) . Rhodium (Rh) nanoparticles and thin films have vast application as catalyst (Labich et al. 2001; Gabor and Jeong 2008) . The large nanostructured surface of metallic Rh enhances its catalytic properties (Stempel et al. 1998; Masek et al. 1995; Dus et al. 2008) . Besides these, rhodium has potential application in microelectronics (Drogoff et al. 1999; Herd et al. 1983) , gas sensors (Lin et al. 2002; Saidani et al. 2011 ) and as a First Mirror (FM) in the optical diagnostics of fusion devices (Marot et al. 2007 (Marot et al. , 2008a .
Rhodium thin films prepared by electron-beam evaporation (Masek et al. 1995) , chemical vapor deposition (Bhaskar et al. 2008; James et al. 2005) , electrochemical deposition (Lin et al. 2002) , DC and RF magnetron sputtering technique (Marot et al. 2008b ) are well documented in literature. There are few reports on the Rh thin films fabricated via pulsed laser deposition (PLD) technique (Drogoff et al. 1999; Saidani et al. 2011) . The nanostructured Rh thin films fabricated via PLD technique are reported in this present paper.
Experimental setup
A pulsed laser deposition setup was assembled. The schematic diagram of PLD setup for fabrication of Rh thin films is shown in Fig. 1 . The 1 mm diameter Rh rod of length 50 mm (purity 99.5 %) was mounted inside the multi-port spherical vacuum chamber (diameter *50 cm) via motorized translation stage. The Rh rod was continuously translated during deposition to provide fresh surface for each laser shot. The chamber was evacuated to a base pressure of *10 -6 mbar via turbo molecular and backing rotary pump. The vacuum chamber and the substrate heater were baked at 70-80°C for 14-15 h to avoid impure elements: oxygen and carbon. A second harmonic of high power Q switched Nd: YAG laser (*200 mJ per pulse in fundamental mode) was loosely focused onto the target by a 35 cm focal length Plano convex lens as shown in the Fig. 1 . The tight focusing of the high power laser beam onto the target was avoided as it leads to the formation of liquid droplet which develops microstructures and craters onto the film surface (Mostako et al. 2011 ). The micrograph of single shot laser spot onto the photographic paper is shown in the Fig. 2 . The major and minor diameters of the spot were 1.8 mm 9 1.3 mm, respectively. This corresponds to laser fluence *2 J/cm 2 . The focusing of laser (focused intensity *10 9 W/m 2 ) results into the ablation and ionization of the target material followed by expanding plasma. This ablated material was deposited onto the substrate placed few cm apart from the target for the formation of the thin films. The Rh thin films were deposited at elevated temperature 500°C of the substrate in a base pressure of 10 -6 mbar. The films were deposited on polished SS substrate of size 10 mm 9 10 mm. The target-substrate distance (D ts ) was varied from 3 to 5 cm at 1 cm step size.
Characterization of Rh thin film
The thickness of the PLD thin films was measured by Stylus thickness profile-meter with 12.5 lm diamond tip. To measure thickness, substrate-film steps were prepared by placing a copper mask on the substrate during deposition. Surface morphology and surface roughness of the Rh thin films were studied by SEM and AFM characterizations, respectively. The AFM images were recorded at three different positions of the substrate and average roughness is listed in Table 1 . Crystal structures of Rh thin films were investigated by XRD patterns. The grazing angle of the X-ray diffractometer was set at 2°. The specular reflectivity was measured by recording the FTIR (Fourier transform of infra red) spectrum at 17.5°incidence angle in the far infra red (FIR) range. The specular UVVisible reflectivity of the films was recorded by UV-Visible spectrometer at an incidence angle 45°.
Results and discussions

Thickness of the Rh films
The measured thicknesses of Rh 1 , Rh 2 and Rh 3 were 86, 82 and 54 nm, respectively. The thickness of Rh 1 is maximum, which was deposited at D ts = 3 cm. The variation of the coating thickness of Rh films with target-substrate distance is shown in the Fig. 3 . It was observed that the thickness of the film reduced with the increase of targetsubstrate distance. It is due to the increase of hemispherical expansion of the laser induced plasma (LIP) plume with the increase of target-substrate distance. Therefore, the particle flux of the ablated species in the plume over the substrate area decreases with the increase of target-substrate distance which lowers the deposition rate of the Rh films and hence the thickness. Crystal structure
The XRD patterns of the Rh 1 -Rh 3 thin films are shown in the Fig. 4 . It confirmed the crystalline Rh thin film via PLD technique. Three peaks corresponding to crystal orientations of Rh (111), Rh(200) and Rh(220) were identified along with two other substrate crystal orientations. Rh(111) peak was more prominent than the other two peaks. The ratios of XRD peak intensity of Rh (111) to the SS in the respective XRD pattern are listed in the Table 1 . The ratios of XRD peak intensity of Rh(111) to the SS were 3.0, 1.6 and 1.26 for Rh 1 , Rh 2 , Rh 3 , respectively. The decrease in XRD peak intensity ratio of Rh(111) to SS was due to the decrease in thickness of the films with target-substrate distance.
Surface morphology
The SEM images at magnification 30 KX of all the thin films are shown in the Fig. 5a -c, respectively. These images confirmed the absence of delamination and cracks. The linear scratches appeared on the SEM images of the films are due to the in-built scratches present on the SS substrate. The AFM images of the Rh 1 -Rh 3 films are shown in the Fig. 6a -c, respectively. Dense nanometric columnar structures were clearly observed in both SEM and AFM images. The RMS roughnesses of the films were 11, 8 and 7 nm for Rh 1 , Rh 2 and Rh 3 films, respectively. The possible mechanism for the reduction in surface roughness is due to plume expansion. The substrate area at large distance is exposed to more uniform plasma plume. Moreover, the particle flux density also reduces due to the plume expansion. These low density laser ablated particles slowly showered onto the substrate. Further, the re-sputtering of deposited material from the film surface on shot to shot basis of the laser beam is reduced at large target-substrate distance due to the decrease in kinetic energy of the Rh atom.
Specular reflectivity
The specular FIR and UV-Visible reflectivity are shown in the Fig. 7a and b for Rh 1 -Rh 3 films, respectively. It was observed that the specular reflectivities of the films were *99 % in the FIR range (k = 20 lm) and *98 % (k = 840 nm) in the UV-Visible range. The Rh 3 film has more UV-Visible reflectivity than Rh 1 and Rh 2 . The film Appl Nanosci (2012) 2:189-193 191 reflectivity improves with target-substrate distance. It is due to the improvement of surface morphology with target-substrate distance.
Conclusion
Rhodium thin films with nanometric columnar structure were grown via PLD technique. The films deposited onto highly polished SS substrate were free from oxygen contamination during deposition and also found to be stable in the normal environment. The thickness of the film decreases with the increases of target-substrate distance. Rh(111), Rh(200) and Rh(220) were identified in all rhodium thin films. The films were in dominant in Rh(111) orientation. The surface morphology as well as reflectivity of the rhodium thin films was improved with the increase of target-substrate distance. 
